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Sustainable homes are difficult for the people of Gambibgo, Ghana to build, as there are few 
natural building materials in the area other than earth and water, and their subsistence farming 
lifestyle leaves very little money for the purchase of sourced material like lumber, steel, or 
cement. Traditional homes in Gambibgo are constantly rebuilt, costing the community around 
$250 at least once every five years. 
 
Our team, with Father James Reites, S.J. and two alums, traveled to Gambibgo in March 2015 
with an earthen roof design we had hoped to implement on the existing walls of the community’s 
homes. Upon our arrival we realized that our assumptions regarding the stability of a set of 
existing walls were incorrect, which led to our implementation of a Nubian vault, while working 
with the Nubian Vault Association (AVN), a non-governmental organization founded 15 years 
ago in France. 
 
With the help of AVN and two experienced Nubian vault masons, the Gambibgo community 
constructed the first Nubian vault built in rural Ghana by the local population. The success of 
this building method relies on the ability of AVN to attract investors; however, the AVN has 
little to no technical data regarding the structural analysis of the building method. Our research 
provided us with useful information regarding Nubian vaults, and this research will be continued 
in the following academic year as two rising seniors, Philip Mirenda and Joseph Papangellin. 
These individuals will continue the analysis of the Nubian vault to soon provide the AVN with 
information that will attract investors to this sustainable building method. 
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1. Background 
 
 
l.l Project History 
 
 
In December 2009, a group of three Santa Clara University engineering students traveled to the 
rural village of Gambibgo, Ghana for their senior design project. Gambibgo is about five miles 
outside of the developed city of Bolgatanga, located in the impoverished Upper East 
administrative region of Ghana.This area has historically beenexcluded from trade and struggled 
to produce anything beyond staple crops for the immediate region. The students’ goal was to 
develop a soil-based building design that would not wash away in the rainy season, as the 
traditional homes do in this region of Africa. This design needed to be affordable for the locals 
and simple enough to recreate for future structures. The final design required just five percent 
cement for earth blocks that were used for a catenary arch building. By using a readily-available 
natural resource, the design was able to minimize the use of formwork and headers, as lumber is 
both expensive and not readily available in Gambibgo. 
In the years following the initial student visit, multiple teams from our Santa Clara Engineering 
community have returned to Gambibgo to design other projects for the village, including an 
office building, library, house, and preliminary designs for a footbridge. The continued vested 
interest in the village by students, along with the residents’ enthusiasm, has resulted in a fruitful 
relationship between the two communities. 
In March 2015, our student team carried on this tradition by returning to Gambibgo to repair 
structural issues that had arisen in the office, though we ended up accomplishing so much more. 
We felt compelled to repair the office because of our school’s obligation to provide safe, useful, 
and sustainable projects for Gambibgo residents. In the process of repairing the office, our group 
hoped to implement an improved sustainable roof design, which we believed would be replicable 
by the locals for future structures. However, the project took an unexpected turn upon our arrival, 
leading to the construction of an entirely new structure in lieu of a simple roof replacement. The 
completion of this structure relied on the collaboration of our student team with a project team 
from the Nubian Vault Association (AVN), a non-governmental organization based in France, 
whose mission is to “Provide affordable, sustainable housing for as many people as possible, as 
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soon as possible.” 
Not only does this barren region struggle financially, but the lack of resources makes durable 
housing difficult to afford. Without lumber or steel available, and with cement being an expensive 
commodity, the people have not been able to pursue more permanent housing beyond their 
traditional earthen structures. Roofing in particular is a challenging issue, as many citizens create 
earthen walls and resort to unsustainable material from outside the region, such as corrugated 
aluminum or tin, to place on the walls as the structure’s roof. 
Other potential projects were suggested as possible alternatives to the roof reconstruction, 
however our group aimed instead to repair the failing roof structure because we felt morally and 
ethically obligated to do so. We also understand the necessity for sustainable construction 
methods in developing countries to be easily learned and accepted, which is why we tried our best 
to create a design that works with the community’s traditional building style. 
l.2 Demonstrated Need 
 
There are four categories of need that the completion of our project alleviates: emergency 
response, community, regulatory, and humanitarian. 
The community of Gambibgo experiences extreme weather, particularly during the rainy season 
when the village and surrounding landscape suffer major downpours. Because the previously 
existing structure was made of compacted soil bricks, it was subject to degradation by these 
events. The cracks in the current roof were more susceptible to this degradation and they had 
already compromised the integrity of the office building. These cracks were over three feet in 
length and some spanned the entire width of the building, as shown below in Figure 1. 
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Figure 1: Visible cracks in the office roof. (Reites) 
 
 
Weatherproofing for all earthen structures is crucial, and when the fractures and gaps were 
analyzed in the existing roof, it became clear that the waterproofing measures in place were less 
than effective and the rain could infiltrate the structure. Over a long period, this would surely 
cause serious harm to its structural integrity, eventually posing a threat to the safety of its users. 
The roof redesign and installation was a preventative measure to avoid the total roof collapse that 
would have likely occurred if the issue went unaddressed. 
Our team of advisors and students was not the only group that recognized the importance of 
having a functioning office building. In a community as small as Gambibgo, constant 
communication is crucial for the village’s stability, and the office structure is one of only a few 
within the community that is dedicated to village meetings. The office is also one of the only 
shelters built to combat the rain in winter and the extreme heat in summer, and is thus helpful 
towards the community’s well-being.  Although the previous visiting design team had deemed the 
structure uninhabitable, the community’s continued use of the decommissioned building further 
highlighted the importance and urgency of this roof replacement to prevent harm to any person. 
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There was no government agency mandating the replacement of the roof, but in light of 
information we acquired from those familiar with the community, we agreed that replacing the 
roof was necessary. The infrastructure in this area needed to be upgraded to provide higher levels 
of protection against the torrential downpours that destroy the mud huts the villagers have 
become accustomed to building with their limited local supplies. 
Although the structures work very well in the dry months, regulations on material use and building 
size, orientation, and features were implemented so this community would not need to rebuild 
after each wet season. 
Our overall project goal was for the community to adopt this design and implement it for future 
structures. Without the need to constantly rebuild, the community could then focus its energy and 
resources on further land development and education. Our project led to the construction of an 
entirely new Nubian vault structure, and since the method was well-received by the community, 
we hope that this sustainable way of building will take root and eventually improve the 
community’s quality of life by eliminating the need for annual renovations. 
l.3 Material Procurement and Labor Availability 
 
 
Our roof design was to act as a test run of how the Nubian vault could be implemented on other 
traditional homes in Gambibgo. Prior to departure we were in communication with the locals and 
had a full construction force ready to be mobilized upon our arrival. Upon arrival, our project site 
was to have walls ready for the building of our roof design. 
One pre-travel challenge was to secure the amount of water necessary to make thousands of bricks 
and enough mortar. Fortunately, there is a small lake near the build site, and the community was 
able to rent a large steel container to store water collected by donkey cart. Another foreseen 
difficulty was the locals’ sense of time and how it varies greatly from that of Americans. The 
schedule had to allow for certain inconveniences expected from working in a different country 
with people of a different culture. Appropriately, our adopted motto in country was “be flexible!” 
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Other issues created by working in Gambibgo under a tight schedule were the limited market days 
and the observation of the Sabbath. The market was open every four days, meaning that some 
materials were only found during those days. Luckily, the day before our departure was a market 
day, and we were able to make all of the last minute purchases that the community needed. Also, 
the laborers and masons did not work on Sundays which – though expected – was still another 
challenge to our already tight schedule and budget. 
l.4 Scope of Work 
 
 
In the months leading up to our departure, the team broke our project into manageable design 
phases. First, our team analyzed the structural mechanics of landcrete arched-roof methods. This 
entailed learning about the physics of a vault, a building method not previously covered in our 
structural engineering coursework. We tested different soil mix designs in labs at SCU in attempts 
to artificially create Ghanaian soil according to previous group reports, hoping to accurately 
predict brick characteristics and behavior under loading. Various organic waterproofing methods 
were explored including the use of lime in the building blocks’ mix design. By our departure 
date, our team had designed a roof retrofit that would be implemented to repair the office building 
so that it may again be safely used by the community. Before traveling to Gambibgo, we first 
wanted to assess the conditions of the existing structures and modify our construction plans if 
necessary. 
Our plan was to deconstruct the cracking roof and then implement our design with the aid of 
several village craftsmen to teach the community what we believe is a sustainable, long-lasting, 
and easily adaptable method. 
Since the existing structure had been deemed uninhabitable, the roof had to first be safely 
removed. Our team sent instructions and a safety plan for the demolition of the existing roof, 
available in Appendix B, in early February, anticipating the demolition to be complete by the time 
of our arrival March 15th. When our team arrived on site, we were happy to find the roof 
completely removed; however, the remaining walls appeared unstable, with large cracks running 
vertically and fissures along the thrust paths in the buttresses. 
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Figure 2: Old walls without roof and of buttress with thrust path fissure (McArdle). 
 
 
It was only after these on-site observations that the team decided to deconstruct the remaining 
walls and construct an entirely new Nubian vault structure – a decision which easily doubled our 
project scope and increased the expected time and financial contribution. This construction was 
aided by an individual, Giulio Cocchini, who the group made contact with in Gambibgo. Giulio is 
the project coordinator for AVN who moved to Ghana after having managed Nubian vault 
construction in Burkina Faso for the last 10 years. 
Bricks were immediately produced and their strength was field tested. Once they passed the 
compression and flexural strength tests, the team worked with the trained AVN masons and local 
laborers to ensure a thorough understanding of the construction plan. Ideally, construction would 
have been complete by the team’s departure date on March 27th, but the amount of time to create 
strong, dry bricks for construction took longer than anticipated. The achieved Nubian vault 
structure was completed on April 4th, with the addition of doors and window shutters still 
outstanding. 
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Figure 3: Structurally sound Nubian vault without door and window frame (Chadory). 
 
 
 
Although our project focused on sustainable housing, our team knew that the community 
desperately needs a new Gambibgo-Bolgatanga footbridge. Unfortunately, due to village politics, 
a proposed footbridge location had not been solidified. The current timber footbridge is washed 
out by annual floods, putting the community’s lives at risk, and although it was unrealistic to 
build the bridge when we traveled in March, we provided the necessary coordination and planning 
for future students to implement a previous senior team’s design. While in country we met with 
authorities from the Ghanaian department of roads to ensure the location of the proposed 
footbridge was accepted by the government officials. Because the suspension footbridge had 
already been designed by past students and approved by the local village elders, we did not plan to 
alter the design unless the bridge location was changed. The Ghanaian officials were happy with 
the design, and are eager to begin construction. Upon our return we solicited a group of rising 
seniors to adopt the bridge project. They will be traveling in June to conduct the final on-site 
analysis of the project location and again in December to coordinate the actual construction 
process. 
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For your review and information you will find detailed descriptions of the alternatives we 
considered during the roof redesign process, the solution we settled on for the roof redesign, and a 
detailed description of the finished Nubian vault structure in the following pages. 
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2. Analysis of Alternatives 
 
2.l Description of Alternative Solutions 
 
 
Since our goal was to construct a roof in Gambibgo, we were limited by the materials and tools 
that we might use, which affected our design and its application. We wanted to create something 
that the community is comfortable with using and replicating.  In our preliminary design process, 
we considered various alternatives before narrowing our project down to one favored design. 
One alternative involved using a catenary arch to construct the roof. This construction method is 
achieved by analyzing the correlation between a chain’s tensile stress and the compressive stress 
in an arch.  When a chain is hung freely against a board, it reaches the curve of an undisturbed 
catenary. This design was an attractive possibility because the earthen bricks used to construct the 
building would be guaranteed to be in pure compression. 
Another design briefly considered was a traditional flat roof. These roofs are usually built in three 
layers, with timber as the base layer, a thatch layer, and then a mud coating. 
The jack arch is an aesthetically-pleasing masonry alternative that was also considered during our 
preliminary design meetings. In fact, the jack arch was the most appealing flat roof design 
because it can be presented as a flat roof while still utilizing the strength of earth in compression. 
Furthermore, this method is affordable and can be built to various dimensions. The Jack Arch also 
requires minimal formwork; the arch only needs temporary support until the keystone is put into 
place. 
While researching a way to combine a flat surface with a masonry structure, the team came across 
the Nubian vault. Today’s Nubian vault method was developed in 1998 by an NGO called the 
Nubian Vault Association, though this building method has been used in various cultures since 
ancient Egyptian times. This building style uses bricks made primarily of soil and water that are 
left to dry and then mortared together with sticky termite clay. The structure is ultimately covered 
with a plastic layer for waterproofing. Depending on the site’s soil characteristics, cement may be 
completely avoided, which benefits the local community because cement is expensive and not 
available locally. The structural design of a Nubian vault centers around an insulated compact-earth 
roof, which is not only cheaper than thatch or tin, but also has a longer lifespan. The AVN assigns 
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several well-trained Nubian vault contractors to work on-site and trains local apprentices in an 
attempt to encourage the community to replicate this building method. Our goal with the roof 
redesign was to implement a similar standard in Gambibgo, which would focus on affordability, 
sustainable materials, safe building practices, diligent inspections, and a simple replicable process. 
Although the Nubian vault method has proved successful in other African countries such as 
Burkina Faso, we planned to modify existing techniques to better fit this community’s needs. 
2.2 Alternative Comparison 
 
 
The catenary arch design has been used previously on the library and the house in Gambibgo, 
which remain in excellent condition. However, the precision required when loading the path for 
these two structures has dissuaded the community from creating their own. Also, the amount of 
formwork required is far more extensive than the locals would like to use, especially on a structure 
that lacked a finished flat roof, which is prefered for drying crops and sleeping at night. 
Per the community’s request, we turned our focus towards designing and constructing a 
completely flat roof. As we explored this alternative, we first looked at implementing a 
traditional flat roof, but we realized that it would be too expensive to cover our entire desired roof 
area with a layer of timber. Also, permanent formwork would be at risk for water mold or termite 
infestation. 
Unfortunately the jack arch design requires the connection of intricately formed and sized bricks 
as well as precise placement for the keystone. Because of this, the design would have been 
difficult to implement in Gambibgo due the need for various tools and unrealistic accuracy. 
The Nubian vault seemed to be the only viable option when considering the low cost and ease of 
construction of the building. However, AVN’s manual establishes very specific guidelines 
regarding the sizes of the foundation, bricks, walls, and width of the structure, which may not 
align with what the villagers have available or with their goals for this new structure. 
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2.3 Ethics 
 
 
In such a small setting, a new building project would be noticed by many individuals. Since the 
building in focus was used as both an office and community center, it could benefit the entire 
population living in Gambibgo. However, the ways in which these people would be affected differ 
by class and location and therefore must also be analyzed from an ethical point of view. 
Repairing a failing roof in Ghana required all five of the following ethical evaluations: political, 
environmental, economic, safety and aesthetic. The original structure’s deterioration and necessary 
deconstruction were two site-specific issues that needed to be considered when discussing these 
elements. Addressing the current instability of the existing structure and the optimization of 
sustainable materials were critical factors in the final design. 
Any project in Gambibgo has to go through the local town elders’ approval before work begins. 
Therefore, since the new roof for the office is located within the village under these elders’ 
jurisdiction, it did not need to be evaluated or approved by the Ghanaian government. Instead, all 
aesthetic or construction ideas still need to be run by the council. At the time of discussion, there 
was no opposition to the roof reconstruction on the part of the elders, but we as a group detected a 
lack of support from the rest of the community. We believed that the issue was not that we would 
be implementing a redesigned roof, but because the village was urgently requesting a bridge to be 
installed – a project that we could not deliver due to coordination issues excluding the bridge 
from our scope of work. The challenge then became to gain support for our project so we could 
find laborers and masons willing to collaborate with us. 
We considered how the project would benefit the overall population of Gambibgo, making this 
project a topic of social justice. While this roof redesign was important to ensure the safety of 
those who will be using the building, we raised the question of whether or not this was the best use 
of time, labor, and money. The office under consideration is used most often by the village 
council, and while some residents do appreciate its shade and cool interior, it would not 
necessarily benefit the entire population. A senior design team decommissioned the building three 
years ago, but the council refused to officially close a building that is so essential to their 
community. This heightened the urgency to repair the structure and led to our decision to delay the 
bridge installation, despite its urgency. 
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There was also speculation that this project carried some conflict of interest, particularly involving 
Santa Clara University and the design team that originally installed the building. While the 
original designers do not have involvement in this year's project, the desire to assure the building 
is reopened and safe for use is not solely so the community has their office facility back, but it is 
also an act of preserving the reputation and collective conscience of the School of Engineering 
and the previous designers. 
The main building materials that we used – soil and water – are plentiful in Gambibgo because of 
the nearby lake. This is beneficial because the roof reconstruction caused no negative 
environmental impact. Although soil is not typically used for roofs, the high cost of conventional 
material was not an option for this community. Designing a roof that is able to withstand 
prolonged use and exposure to weather would help the community because they would have an 
alternative to the unsustainable roofs that need extensive renovation every year.  When our team 
implemented our first trial of the design, we were able to pay the laborers with money raised by 
fundraising at SCU. As the community members continue building Nubian vaults under AVN 
supervision, the masons will have the option of autonomy, allowing them to apply the skills they 
learned for their community’s development. 
The most hazardous aspect of the project was the deconstruction. We did not perform the 
construction or structural analysis of the original building, and as-built information was 
contradictive and unreliable, making it difficult for us to perform a confident analysis of expected 
behavior or provide direction to deconstruct the structure. Thus, it was important that our team put 
conservative safety precautions in place for the deconstruction process. 
Although ADA and OSHA do not have jurisdiction in Gambibgo, we believe the values expressed 
in both codes are of the utmost importance and integrated them into our deconstruction procedure. 
This involved creating a deconstruction plan, available in Appendix B, which outlined the roof 
deconstruction in two phases with general safety guidelines implemented throughout. When we 
arrived and saw how unlikely it was that the deconstruction plan was followed, we adjusted our 
guidelines to be more realistic for labor crews that had minimal access to any personal protective 
equipment. A few of the precautions taken were to set up site boundaries where children and 
animals may not cross, as well as limiting the number of laborers allowed within the work site 
during the demolition and excavation phases. 
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Our team hoped that we could find a way to make this design a good option for those living in 
Gambibgo when it comes time to reconstructing their homes or community buildings. Learning 
about the community’s traditional building methods and preferred aesthetics inspired us to 
redesign a roof with a flat aesthetic that could be attached to simple walls. Unfortunately our roof 
redesign was unable to be tested. However, the support we provided for the Nubian vault building 
method has fueled further interest in this method within the surrounding area, expanding the 
market that the Gambibgo masons are now leaders in. 
2.4 Solution Selection 
 
 
Our final roof redesign involved a modified Nubian vault design. This design optimizes the 
strength of a curved arch while keeping the aesthetics of a rectangular building. It is also designed 
to fit the existing walls, rather than being built to the specific dimensions required by AVN. Mud 
bricks are used for this design, the main material costing nothing. Since the vault utilizes the same 
sized bricks along a constant radius and requires no formwork, this design is easier to replicate 
than other designs we considered. We had settled on this flat roofed appearance in an attempt to 
alleviate the residents’ discomfort surrounding the existing catenary arch structures previously 
sponsored by Santa Clara University. We were optimistic that this design would be accepted by 
the community and replicated throughout. 
This solution best meets project needs by providing affordable housing for the community to 
build on its own, long after our visit has ended. Using earth is inexpensive, and a successful roof 
design negates the need to purchase tin or other expensive alternative roofing material. Since the 
locals have been building earthen walls that have proven their strength over long time spans, our 
final roof solution includes just enough engineering to allow the villagers to complete their 
housing while building the same vertical walls that they have traditionally used. The team 
believes a simple design that utilizes building methods the residents are already accustomed to 
will result in a gradual spread of vaulted earth roofs, providing a viable option for sustainable 
housing for the entire community. 
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3 Design Criteria and Standards 
 
 
3.l Structure Performance Requirements 
 
 
An important aspect of our roof design was our reliance on the pre-existing walls and their 
buttresses. The dead load exerted by our roof design and its infill needed to be small enough to be 
handled by the existing conditions. Furthermore, the live load exerted on the roof needed to 
consider loads that are considered in the United States, including wind. The loading caused by 
human activity, such as Gambibgo residents lounging on the roof, required a more 
comprehensive approach to fully analyze the possible loading scenarios. 
3.2 Applicable Codes and Standards 
 
 
To select the ideal brick dimensions and find the strength capacity requirements of these bricks, 
we consulted common resources for earthen building. 
Because Ghana does not have strict regulations for structural designs, our team wanted to apply as 
many US standards as possible. Conventional US design processes include an analysis of live 
loading expectations. The live load that a structure must resist is not quantified based on its 
material properties, but rather on its function. United States codes have settled on standard values 
for expected live loading, which are contained in ASCE 7: Minimum Design Loads for Buildings 
and Other Structures. Therefore, in accordance with the American Society of Civil Engineers, we 
classified our structure as an assembly area with the roof as a potential assembly lobby. Per the 
code, we designed for 100 pounds per square foot of live load. 
Previous groups used ASCE 7 for additional reference on their estimated wind loads, but it was 
suggested that these loads may not have been conservative enough. Taking previous numbers into 
account, we roughly doubled the load used in 2012 (17psf) and used a round estimate of 30 
pounds per square foot as our wind load. This 30 psf wind load was applied exactly horizontally 
to the bearing wall’s exterior in the building analysis. 
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Our most important codified resource specific to earthen building was the ASTM Standard Guide 
for Design of Earthen Wall Building Systems (“ASTM E2392”). This document outlines the 
quality of common materials used in earthen building as well as the procedures for simple field 
tests for identifying workability and slump. These rough processes are accepted globally by 
experts. 
New Mexico, located in an area that has been building with earth for decades, has also created a 
building code for earthen construction (“2009 New”), showing test results and theoretical values 
for compression tests and the stress distribution throughout an earthen structure. 
In addition to building codes, it is important to have a consultant with experience building in 
locations like Ghana. Our expert was Kevin Rowell, the founder of Natural Builders, a California 
licensed earth building company. He built in east Africa less than two years ago with another 
student group. Kevin’s experience gave us invaluable information and best practices for building 
stable structures using earth. Unfortunately, he moved to Southern California in January, forcing 
our group to lose any other hands-on value for him on this project. Even with the distance, he was 
willing to give guidance on all constructability questions we had about building with soil. 
Other noteworthy consultants were Father James Reites, S.J., a Jesuit here at Santa Clara 
University, and Nathan Rogers and Matt Jansen, two graduates of the class of 2012 who traveled 
to Ghana to make final additions and repairs to the office structure in Gambibgo. These three 
mentors know the culture, geography, and logistical challenges that come with working in and 
around Bolgatanga. Their knowledge proved invaluable as we finalized the construction plans for 
our building. 
3.3 Quality Control Methods 
 
 
Because we designed with the intention of implementing our roof design when we traveled, we as 
a group assumed responsibility for the safety of our structure’s occupants. To do so, our design 
had to be completed with precise calculations and high quality material and workmanship. Thus, a 
special emphasis was placed on design and material quality control. 
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In such a complex project, the biggest technical obstacle was considering every type of failure 
possible. This is what we refer to as establishing our major design parameters. As the foundation 
of our entire design, this process was done with input and guidance from our advisors, as it is the 
most important step to ensure accurate requirement conclusions. Included in this phase was 
consideration for statics/dynamics, material properties, expected loading conditions, and 
waterproofing, among others. 
The actual hand calculations to perform these analyses were done as a group with group 
checking and feedback on the calculations. These have also been logged and verified by 
Microsoft Excel or another calculator to help eliminate human error. All hand calculations may 
be found in Appendix D. 
Much of our project depended on test results. In particular, testing for brick strength in different 
loading conditions was key. During our stay in Ghana, we helped add to the comprehensive data 
from Gambibgo projects by testing multiple samples of available soils, both in compression and 
flexure. Not only did this allow us to be sure that our design was based on reliable strength 
capacities, but it also aids future groups as Ghana projects continue to develop. Additional testing 
to consider in the future would be loading conditions on a physical mock-up model, a component 
we pursued but were unable to complete before traveling. All testing needed to be done 
accurately, safely, and with correct technique. Therefore, we did our testing as a group, with 
some additional guidance from either the lab manager or our advisor, and with input from all 
team members. It was important that we had multiple people present to verify and interpret results 
and assure quality testing technique. 
One key tool for quality control is the availability of computer modeling software. Programs such 
as AutoDesk Revit or SAP2000 structural software could consider factors we do not have the 
skill to incorporate by regular hand calculations, which allowed us to design with a more 
complete visual of what is happening physically to a vaulted roof. Because of the complexity of 
these programs, it would have been unwise not to consider running every design through 
modeling software to see its behavior. Drawings and screenshots of our design may be found in 
Appendix D. 
Perhaps the most effective way to end up with a quality result is by using a large factor of safety. 
In a sense, this was our insurance against any imperfections in workmanship, material, or even 
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unexpected loading conditions. Factors of safety were verified through calculations and were to 
be accepted by all team members before completing a design phase. Thus, they were 
incorporated into every major facet of our design. According to LRFD factoring equations, we 
increased our dead load by a factor of 1.2, our live load by a factor of 1.6, and reduced our wind 
load by a factor of 2. This assured a reasonable factor of safety contained in our loading and 
materials before any computer modeling or calculations took place. 
3.4 Key Values and Assumptions Used in Design Calculations 
 
 
Previous design projects conducted by SCU students in Ghana provided sieve-analysis results of 
Ghanaian soil. In 2012, a senior design group worked with the Ghanaian Highway Authority to 
provide the sieve analysis shown in Table 1 below (Leatham). These results are a basis from 
which our mix-designs were made to best replicate Ghanaian soil characteristics and anticipate its 
composition and behavior before design began. 
Table 1: Sieve Analysis of Ghanaian Soil 
 
Sieve Size (mm) Percent Finer 
19 100 
9.5 100 
4.75 100 
2 100 
1 100 
0.425 99.03 
0.3 96.53 
0.15 68.27 
0.075 10.73 
Pan 0 
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The vault bricks were to be 1.5” x 4.5” x 9.5” per approximate dimensions of a Nubian vault 
small brick. Taking these values and checking with our structure dimensions, we estimated 14 
bricks per arch and approximately 104 arches spanning the length of the structure’s bearing walls. 
We also assumed a unit weight of 117 pcf for the fill and the vault itself, based on previous 
teams’ unit weight estimates. When this assumed value was combined with the wind and live 
loads determined from US codes, a final loading situation for our model was accounted for. 
The first portion of our design focused on the capacities of our existing walls to handle thrust, 
making them a site-specific constraint. With inner dimensions of 9.95' x 6.67' x 7.55' and outer 
dimensions of 13.12' x 9.84' x 7.55', we planned our design to fit these pre-determined 
dimensions. Based on as-built information, the cement contents of the existing bricks are 
considered and outlined below in Table 2 (Leaverton). According to previous reports, the existing 
bricks for our walls and buttresses have an estimated compressive strength of 80 psi. 
Table 2: Cement Content and Locations Used 
 
Cement Content (%) Location 
6-7 Mid-height walls and roof 
11 Foundation Bricks 
20 Mortar 
 
 
Next, the existing walls’ and buttresses’ thrust capacity was determined from the weight of the 
elements and the friction coefficient of the elements against the ground, a friction factor of 0.45, 
an estimated value based on basic research. When considering the dimensions of the buttresses 
and the unit weight, it was approximated that the combined weight of the 4 buttresses acting on 
one bearing wall is 18.1 kip. The bearing walls themselves weigh approximately 18.4 kip each. 
By sketching a free body diagram of the walls, it is determined that in order to resist failure by 
overturning, the horizontal thrust component from the entire vault must be less than 19.4 kip. 
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When our SAP2000 results were compiled, it was determined that of the loading conditions we 
examined, the worst-case horizontal thrust component was 7.88 kip, meaning we have a factor of 
safety of approximately 2.5. The worst-case vertical thrust on a bearing wall was 43.65 psi, which 
- when compared to the expected compressive strength of 80 psi - indicated a factor of safety of 
roughly 2.6. 
When we began to analyze the vault, it was understood that the vault brick strength demands are 
functions of the semicircular shape, a parameter which was set in stone for ease of construction 
and to minimize equipment requirements. This produced a unique challenge, as it meant that the 
design was likely not the optimal shape to handle the expected loading, putting some areas of the 
vault in tension. The challenge, then, became to design bricks that were able to handle the required 
tension by an acceptable factor of safety. Based on our model and calculation for the worst case 
loading, the maximum flexural stresses were 126 psi in compression and 60 psi in tension. 
Summaries of the hand calculations and SAP2000 modeling are found in Appendix D. 
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4. Description of Designed Facility 
 
 
After preparation work testing different soils at SCU to better understand how soil behaves under 
different stresses and loads, and after pulling together strength requirements and size limitations 
from the Revit and SAP2000 analysis models, we boarded a plane to Ghana on March 13, 2015 
with design in hand. 
On our first trip to Gambibgo on Sunday, March 15, we found four walls and no roof on the 2009 
office building, as we were expecting. However, after our own site observations, we determined 
the walls themselves were unfit for our roof redesign and knew we would have to demolish the 
rest of the structure and start anew. The existing walls had cracks that propagated from mid wall 
to the top, and were also bowed in between the buttresses. The buttresses themselves appeared 
usable, but upon closer observation were found to have destabilizing cracks along the thrust path 
of the existing arch. 
After these observations, we decided to deconstruct the existing walls entirely and built a Nubian 
vault with the help of the Nubian Vault Association, which had expanded into Ghana less than six 
months before our arrival. 
4.l Detailed Design Results 
 
 
The Gambibgo Nubian vault, the first rural vault built in Ghana, has a 14.2 ft x 15 ft footprint and 
was completed in three weeks by a team of two AVN skilled masons, two Gambibgo masons, and 
five laborers. At approximately 11 ft, the ceiling of the structure is far taller than the average 
Gambibgo resident. There is one entrance and four windows. Small triangular holes have been 
made just under the crest of the arch for ventilation. The completed structure includes 
approximately 2900 bricks, which took a week to create. Further information on the construction 
schedule is found in Appendix A. 
Upon our return to Santa Clara, a new SAP2000 model was created in order to conduct a 
structural analysis on the finished product. Similar to the design process, the walls and vault were 
analyzed in two phases. 
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First, essential characteristics were input, including our new unit weight of approximately 168 pcf, 
a value determined by a simple on-site test. This unit weight raised a red flag, as reinforced 
concrete has a unit weight of 150 pcf. Our suspicion is that due to time constraints, our building 
was rushed and the bricks still had significant moisture content after only 72 hours curing. 
Therefore, we continued our analysis with this in mind. 
 
The vault was then re-loaded with the worst-case scenario we saw in our original design for a 
roof; that is, the middle third experienced live loading conditions, paired with horizontal wind 
loads and a redistributed dead load according to our new fill volumes and vault dimensions. The 
results of the model indicated a total horizontal thrust component of approximately 18.1 kip, 
creating an overturning moment of approximately 1174 kip-ft. When the overturning capacity of 
our wall was calculated, it was determined to be capable of withstanding approximately 2150 kip-
ft of moment before overturning, giving us a factor of safety against overturning of 
approximately 1.8 which, when combined with the LRFD factors of safety already included in 
our loads, gave us confidence that our structure is safe from this failure method. 
Next, the worst-case vertical thrust component was calculated. Applied to the entire wall, the total 
vertical force was approximately 100 kip. When distributed over the footprint area where the 
vault connects to the bearing wall, the normal stress delivered was approximately 96.6 psi. When 
compared to our in-site testing results of 89 psi, this presented some expected issues. We foresaw 
high stresses due to our inflated unit weight, so when this inaccuracy is taken into account, we 
suspect that the reduction in actual weight would indicate that our bearing walls are not 
susceptible to failure by crushing. 
When turning our attention to the vault, the maximum compressive strength required, found when 
flexure is combined with thrust, was approximately 215 psi. The maximum tensile strength 
required, where negative bending overcomes the compressive thrust, was roughly 109 psi. Upon 
first look, this was cause for concern, as the testing performed in Ghana did not indicate that our 
material could perform to these strengths. In reality, however, the construction of the vault is such 
that the fill actually provides additional reinforcement for both thrust and flexure along the entire 
vault. 
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During the roof construction, the area above the vault and between the parapet walls was filled in 
to create a finished flat roof appearance for the structure. Our original roof redesign called for 
loose soil that was tamped down. In reality, the official AVN process requires vault bricks to be 
laid and mortared throughout. This effectively creates what we have affectionately named “Really 
Big Beam Theory”. That is, by mortaring additional bricks for the infill, the arch is no longer one 
brick thick, but actually behaves as a beam that is as thick as the arch plus some infill. The result is 
that instead of distributing thrust over a cross-sectional area of 2” x 5.8” (the dimensions of one 
brick), the actual cross-sectional areas may be increased by a factor of two, three, or even more in 
some areas. A theoretical cross-section sketch of our structure is shown below in Figure 4. 
 
 
Figure 4: Theoretical cross-section of extra-reinforced Nubian vault. 
 
 
The effects of this behavior mean that it becomes difficult to accurately convert thrust and flexure 
loads to pressures, as the cross-sectional area varies throughout the length of the vault in a way 
that we were unable to observe during its construction. While these limitations exist, some 
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theoretical manipulations can be made to our calculations to at least theorize what is happening. 
For example, the region where the worst compression occurs (215 psi) is roughly two feet from 
the base on our worst case loading setup. That area sees a gap between the vault and parapet wall 
of over half a foot. Assuming this gap is actually filled with mortar and bricks instead of loose 
packed soil, the cross-sectional area that can bear load more than doubles, reducing the stress by 
more than half, making it somewhere less than 100 psi, a much more realistic requirement. Other 
regions may be much thicker, but the reality of the completed structure means that we are unable 
to see how many additional layers of brick and mortar are actually present in areas of interest. 
In conclusion, our SAP2000 analysis of this structure, based on our observations and 
measurements available, leave some questions about the vault’s behavior. While our check 
against walls overturning initially indicates a good factor of safety, the subsequent analyses of 
crushing stresses on the walls and flexure in the actual vault suggested that not even that analysis 
can be expected to be completely accurate. However, this inaccuracy actually turns out to result in 
a more conservative model and calculations. Therefore, the overturning moment produced on the 
walls by the vault is likely lower than indicated because of our inflated unit weight. The slightly-
high crushing forces are likely reduced for the same reason. Finally, the combined flexural and 
axial analysis for the vault is also likely exaggerated, and the slightly-high compression and 
tension being requested of our vault bricks are expected to be lower in reality, theoretically falling 
into a more manageable range. 
4.2 Special Features and Innovations 
 
 
While Nubian vaults have very simple components - four walls, door, vaulted roof - our team felt 
that this office space should be more inspirational to the locals so that they would be more 
inclined to adopt this method of building. Thankfully, AVN has a few construction details for 
added features for the Nubian vaults. All AVN building options and special features may be found 
in the plans and manual in Appendix E. After reviewing our options, the team felt that this office 
space could benefit from shelves, which are typically planks of lumber shoved into the walls of 
traditional homes in Gambibgo. However, in AVN’s case, these shelves are cut from the wall, 
requiring no additional materials than if a solid wall were to be put into place. 
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Some key technical features of a Nubian vault are the way the vault bricks are laid, how the infill 
is placed, and the final waterproofing measures taken for the facility. The vault bricks, larger than 
our team originally thought, were not placed perpendicular to the earth. Rather, the vault leans 
towards one gable wall, each brick pressed against the one before it, creating a U-shape that slides 
along the length of the walls. 
 
 
 
 
 
 
Figure 5: Process of laying vault bricks (“NV”). 
 
 
This is done in an effort to create more friction between the bricks so that the mortar could hold 
each subsequent brick in place and the arch construction could be completed without any 
formwork. 
Lastly, the threat of water infiltration is mitigated in the Nubian vault design by both the sloping 
of the finished roof as well as the installation of a plastic layer that covers the entire area of the 
roof. This plastic layer extends beyond all walls and is laid in line with the sloping roof. The 
plastic is then covered with another layer of soil and mortar, which needs to be maintained 
regularly to ensure no plastic is exposed to the sun. Gutters are placed above the plastic and within 
the finished top layer to collect and redirect all rainfall that lands on the roof. These gutters 
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are positioned away from any other buildings and slope downwind so that the water may be 
carried away from the structure. 
 
4.3 Site-Specific Challenges 
 
 
Besides the inability to use the existing walls, forcing us to scrap our entire design and build an 
entirely new structure, the site-specific problems the team encountered were minimal. First, the 
material purchased for the foundation was the wrong type - the rocks needed to be much larger 
and very little sand was needed. The original material was bought before the AVN masons were 
on-site working with the local Gambibgo laborers. However, the larger rocks were gathered from 
the surrounding area without too much additional effort. 
Next, our team had made an agreement with the local community to hire five laborers and three 
masons for the duration of the project prior to travel. Since our original scope was changed the 
moment we stepped on site, more manpower was needed, at least at the front end of the project. It 
was here that the villagers showed how much interest they had in this method as five other 
laborers volunteered to work for the duration of the project. We were able to pay these extra men 
for part of their time on site, but heard no qualms with the inability to pay everyone working on 
site by the end of the project. We think this is a great testament to the future of the Nubian vault in 
the Gambibgo area. 
Finally, the village needed a donkey to cart the soil from the dig site to the construction site. Fr. 
Reites bought the village one as a gift at market and it proved to be a very good worker for the 
duration of the project. A side note, this donkey was lost its first night in Gambibgo. The villagers 
put ads on the radio and announcements throughout Bolgatanga. While the donkey was missing, 
the village elder pulled from his own resources and bought another donkey so that they work 
could continue. The next day, the original donkey was found...and was discovered to be pregnant! 
Thus, this community has gone from no donkeys to three in just a few days, which will be sure to 
be used on future vault projects. 
4.4 Other Construction Issues 
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There were no political or permitting issues to mention. The Ghanaian government does not 
regulate structures unless they are located in urban areas like Bolgatanga. As far as local 
government goes, we made sure to design this Nubian vault within the footprint of the old office 
structure, since that land had already been designated for use by the village elder for Santa Clara 
University projects. 
As noted previously, our group sent a roof demolition plan ahead of time outlining safe 
deconstruction techniques for the original roof available in Appendix B. Upon our arrival and 
observation of the worksite, we quickly realized the methods laid out in that plan were not 
followed. 
 
 
 
 
 
 
Figure 6: Typical deconstruction methods (McArdle). 
 
 
Once we traveled to Ghana, we realized that it was naive to expect laborers to wear closed toe 
shoes when they usually walked barefoot, or to require gloves when clothes alone proved to be a 
financial burden. After our arrival we were able to create more realistic safety plans that we 
implemented during the remainder of our project.  This included limiting the number of laborers 
27  
On-site and limiting the areas that they worked in to keep them away from swinging tools or 
falling debris. 
 
4.5 Non-Technical Issues 
 
 
The sustainability of this project became our number one concern as the final stages of 
construction were underway. Most of the resources were locally produced - soil was dug from 
nearby areas, water was retrieved from the lake - and the materials purchased in Bolgatanga’s 
market were kept to a minimum. These select materials included plastic sheeting for 
waterproofing, plastic piping that served as gutters for the roof, a few hand trowels and shovels, 
some wood for molds, thick twine, and tape measures. 
This being said, the replicable aspect of sustainability was still of great concern. Although many 
of the villagers visited the site at the end of each work day to see the progress and although the 
laborers seemed comfortable during the construction process, our team had a fear that the 
villagers would enjoy this facility now and wait for another Santa Clara University student team to 
come back the following year before building another. Our minds were put at ease when Hubert 
and Samuel, the two local Gambibgo masons training under the AVN masons on this project, 
were hired to work on the Nubian Vault Association’s own Nubian vault office structure in 
Bolgatanga. 
After working on a few more Nubian vaults, Hubert and Samuel will be autonomous and could 
then return to Gambibgo and train other laborers to create Nubian vaults. The possibility for this 
community and the surrounding area for decent, affordable housing, has become more of a reality 
with the adoption of this building method. 
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5. Cost Estimate 
 
5.l Probable Cost 
 
 
The design team raised the amounts below to purchase the necessary tools, materials, and labor 
to test material, deconstruct the failing roof structure, and construct the newly designed roof for 
the village’s office. 
Table 3: Itemized Breakdown of Expected Cost 
 
Expense Cost/Person Cost for Project 
Airfare $1,500 $4,500 
Housing $2/night $84 
Food $100 $300 
Cement/Lime N/A $500 
Mold Materials N/A $500 
Tools N/A $200 
Labor N/A $1000 
Total Cost: $7,084 
 
5.2 Cost Indexing Assumptions 
 
 
The amounts above are based on airfare costs in January for traveling in March, two hotel rooms 
without air conditioning or extra amenities, the 2013 team’s estimates for material and tools, and 
the agreed upon amount to pay five laborers and three masons for the two-week work period. 
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5.3 Actual Cost 
 
 
The team spent the amounts below to purchase the necessary tools, materials, and labor to 
construct the unexpected new Nubian vault structure in Gambibgo, Ghana and to pay the skilled 
AVN masons for their expertise and training of the local Gambibgo masons. 
Itemized Breakdown: 
 
Table 4: Itemized Breakdown of Actual Cost 
 
Expense Cost/Person Cost for Project 
Airfare $1,958.17 $5,874.51 
Housing $18.70/night $673.25 
Food $125.49 $376.46 
Materials N/A $1,708.28 
Transaction Fees N/A $140.69 
Labor N/A $2,008.45 
Total Cost: $10,991.63 
 
The amounts above exceeded our original estimate; however, it is important to note that the 
original plan was for Santa Clara University to collaborate with Gambibgo and establish a new 
roofing system for the community. Instead, Santa Clara University and AVN were able to achieve 
a full structure in the matter of three weeks, and create a partnership based on reciprocity, as AVN 
has little technical information and SCU does not have the ability to monitor the Gambibgo Office 
without traveling. 
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It is also important to note that the Gambibgo community would not experience costs remotely 
close to that of the team’s for future Nubian vault projects. Please see Table 5 below where the 
cost of a traditional home, with a life expectancy of five years, is compared to the cost of a future 
Nubian vault constructed by the community. 
Table 5: Cost of Traditional Home vs. Nubian Vault 
 
Item Traditional Building 
Methods 
Expected Community 
Cost 
Brick Molds $50 $50 
Tools & Materials $100 $250 
Cement $100 N/A 
Total Cost $250 $300 
 
In summary, by the end of a Nubian vault’s useful life, the villagers will be saving almost 80% of 
the costs spent on rebuilding traditional homes every five years. It is important to note that brick 
molds and a majority of the tools will be one-time costs for the community, as the residents share 
what they have amongst each other. Also, there will be no cost for cement in future buildings, as 
the only cement used on the office was for the floor because the community facility would be 
more heavily used and maintained less than traditional homes in Gambibgo. 
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6. Conclusion 
 
 
Our team’s project provides a response to an immediate problem in Gambibgo, Ghana. We are 
certain that our education at Santa Clara University has provided us with the knowledge, ethics, 
and applicable skills to address and resolve this problem. The impact that we made in Gambibgo 
extends beyond the current community and into the future when the Nubian vault building 
method is adopted. This offers an exciting opportunity for Gambibgo to develop and ultimately 
improve their overall quality of life. 
Various testing materials and methods we have at Santa Clara University will allow us to 
replicate conditions and materials in Gambibgo. Through our testing and analysis future groups 
will be able to alter our analysis of the Nubian vault to provide the best possible product to the 
people in Ghana. When Santa Clara builds again in Gambibgo, this will be crucial background 
information because it will help us to quickly and efficiently work with the community to 
implement our new roof design. 
 
 
 
After exploring many different options for building in Gambibgo, our focus on practicality and 
making use of their resources and limitations has ensured that the community is accepting of the 
Nubian vault and is able to participate in the construction market with this method regardless of 
our in-country presence. With its flat-roofed earthen design, the Nubian vault is a structure that is 
both accepted by the villagers and affordable. 
Not only is the Gambibgo community now equipped with a usable office space, but it also has the 
tools and experience to build their own Nubian vault structures moving forward. Working with 
the community to build the bricks and form a structurally sound roof was why our team traveled 
to Ghana to oversee the entire building process. After completing the first Nubian vault structure 
built by a rural community in Ghana, we are confident that the masons in the community gained 
the skills to replicate the Nubian vault for other structures in Gambibgo, especially after hearing 
about Hubert and Samuel’s new mason positions with the Nubian Vault Association. 
32  
In addition, our team has met with Robert Van Buskirk of Village Projects International (VPI) to 
secure solar power for the existing Santa Clara University influenced structures in Gambibgo. 
The bridge team traveling in June will meet with Van Buskirk in Ghana and aid in installing the 
lighting system. Furthermore, VPI has expressed interest in working with AVN to bring a lease-
to-buy option of solar power to the owners of each Nubian vault to be constructed in Ghana. This 
endeavor is to be taken up by another group of students interested in continuing to aid AVN by 
producing technical data supporting the existence of these structures. 
The possibilities for the future of Gambibgo masons are numerous and quite promising, and we 
are lucky to have been able to be a part of their sustainable achievement. 
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Appendix B 
Deconstruction Plan 
Apparel: 
• Goggles 
 • Earplugs 
• Masks 
• Closed Toe Shoes 
Tools: 
• 1.82 m (6 ft) Ladder 
• Chisel 
• Spade 
• Sledgehammer 
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Appendix C 
Roof Redesign Modeling and Hand Calculations 
Key Parameters and Dimensions 
 
Arc Length, S 
 
 = 	  ∗  
 
where rc is the radius at the center of the vault bricks and θ is the angle of the vault, 180 degrees. 
 
 = 7.07	2  ∗ 	180	 ∗ 
	
180	 
 
 = 11.11	 = 133.3	 
 
Number of bricks in one arch 
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9.5	 = 14.0	 		!	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Volume of one arch 
 
#$%& = 14 ∗ '1.5	 ∗ 4.5	 ∗ 9.5	( 
 
#$%& = 899.5	) = 0.52	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Weight of one arch 
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Half-arch Centroid 
-. =	
∑-0. ∗ 10
∑10  
 
where Cx is the centroid of the entire shape, Cix is the centroid location of a simplified shape 
component of the entire shape, and Ai is the area of a simplified shape component of the entire 
shape. 
 
In this case, because of symmetry 
 
C-2 
 
-2 =	-. 
 
The centroid of a quarter-circle is located at  
 
-. =	-2 =	4 ∗ 3  
 
The centroid of a quarter arch is found by taking a quarter circle and making the area of no 
material represented as a negative area. 
 
The resulting equation: 
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Simplified, 
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Analyzing Dead Load Only - the Basic Condition 
 
Combined effects of vault self-weight and roof fill 
 
Centroid of Fill 
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Simplified, 
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Weight of Fill 
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Three-Hinge Analysis of One Arch 
 
To satisfy the static condition, 
 
ABC$D8 = 0 
 
Thus, 
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 + 30.5	+ = 74	+  
 
Dead Load Effect on Entire Wall 
 
E.	757$? = 15.902	+ ∗ 121.5 	1/ ∗ 	13.12	 
 
E.	757$? = 1669	+  
 
N2	757$? = 74	+ ∗ 121.5 	1/ ∗ 	13.12	 
 
N2	757$? = 7767	+  
 
Effect of Dead Load on Bearing Wall 
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Given: 
 
Wall thickness = 19 in = 1.5833 ft 
Wall height = 90.6 in = 7.55 ft 
Wall length = 157.44 in = 13.12 ft 
 
To find the total weight of the wall, 
 
*P$?? = 117	@ ∗ '1.5833 ∗ 7.55 ∗ 13.12() 
 
*P$?? = 18350.124	+ = 18.35	@  
 
To find the total weight of the 4 buttresses, 
 
*QC677 = 4 ∗ '1.28 ∗ 4 ∗ 7.55( ∗ 	117 
 
*QC677 = 18091	+ = 18.09	@  
 
The horizontal force provided by the friction of the buttresses, F4butt 
 
NQC677 = 4 ∗ 18.09	@ ∗ 0.45 
 
where 0.45 is the friction factor of concrete on packed clay 
 
NQC677 = 32.56	@ 
 
To verify the wall will not overturn, 
 
ABR = 0 
 
'E.STU$??5P8G ∗ 7.55( = 7767 ∗ 19 − 4.512  + 	18350 ∗ 
9.5
12 + 32560 ∗ 
7.55
2  
 
E.STU$??5P8G = 19.447	@ 
When checked against the Tx provided by the Dead Load only, 
 
N = 	E.STU$??5P8GE.	757$?  
 
N = 	194471669 = 11.65 
 
Conclusion: The wall will not overturn from Dead Load only, the basic condition 
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To verify the wall will not crush, 
 
verify that  
V57$?	I8%70$?	>5%8	5<	P$??
W%5X878G	$%8$	5>	P80Y&7 	Z 80	@  
 
where 80 psi is the compressive strength reported from the as-built report on the original office 
wall material. 
 
7767	+ 
4.5	 ∗ '13.12 ∗ 12( = 11	@  Z 80	@  
 
Conclusion: The wall will not crush from Dead Load only, the basic condition 
 
Complex Loading Scenarios - Dead + Live + Wind (DLW) Combinations 
 
SAP2000 analysis provides thrust and flexure effects on both the walls and vault itself for 
various loading conditions. 
 
Analyzing Walls in SAP2000 
 
DLW 1 loading conditions are as follows: 
 
 
Distribution of Fill Dead Load 
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Distribution of Wind Load 
 
Distribution of Live Load 
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Resulting Thrust Distribution 
 
Resulting Support Reactions 
To verify the wall will not overturn, 
E!+	E.	!	[++ = 75.08 ∗ 121.5 ∗ '13.12( 
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E!+	E.	!	[++ = 7880.4	+ 
N = 	 E.max++![E!+	E.	!	[++ = 	
19.447
7.880  
N~2.5 
Conclusion: DLW 1 loading combination will not overturn the walls 
To verify the wall will not crush, 
E!+	N2	!	[++ = 288.05 ∗ 121.5 ∗ '13.12( 
E!+	N2	!	[++ = 30233.7	+  
` = 	 30233.7	+ 4.5 ∗ '13.12 ∗ 12(: 
` = 	42.67	@  
N = 	 `max ++![`	!a	+!	!! = 	
80
42.67 
N~2 
Conclusion: DLW 1 loading combination will not crush the walls 
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DLW 2 loading conditions are as follows: 
 
 
Distribution of Live Load 
 
Resulting Thrust Distribution 
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Resulting Support Reactions 
To verify the wall will not overturn, 
E!+	E.	!	[++ = 70.59 ∗ 121.5 ∗ '13.12( 
E!+	E.	!	[++ = 7409.1	+ 
N = 	 E.max++![E!+	E.	!	[++ = 	
19.447
7.4091 
N~2.6 
Conclusion: DLW 2 loading combination will not overturn the walls 
To verify the wall will not crush, 
E!+	N2	!	[++ = 294.63 ∗ 121.5 ∗ '13.12( 
E!+	N2	!	[++ = 30924.4	+  
` = 	 30924.4	+ 4.5 ∗ '13.12 ∗ 12(: 
` = 	43.65	@  
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N = 	 `max ++![`	!a	+!	!! = 	
80
43.65 
N~1.8 
Conclusion: DLW 2 loading combination will not crush the walls 
 
DLW 3 loading conditions are as follows: 
 
 
Distribution of Live Load 
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Resulting Thrust Distribution 
 
Resulting Support Reactions 
To verify the wall will not overturn, 
E!+	E.	!	[++ = 70.59 ∗ 121.5 ∗ '13.12( 
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E!+	E.	!	[++ = 7409.1	+  
N = 	 E.max++![E!+	E.	!	[++ = 	
19.447
7.4091 
N~2.6 
Conclusion: DLW 3 loading combination will not overturn the walls 
To verify the wall will not crush, 
E!+	N2	!	[++ = 288.05 ∗ 121.5 ∗ '13.12( 
E!+	N2	!	[++ = 30233.7	+  
` = 	 30233.7	+ 4.5 ∗ '13.12 ∗ 12(: 
` = 	42.67	@  
N = 	 `max ++![`	!a	+!	!! = 	
80
42.67 
N~1.9 
Conclusion: DLW 3 loading combination will not crush the walls 
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DLW 4 loading conditions are as follows: 
 
 
 
Distribution of Live Load 
 
Resulting Thrust Distribution 
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Resulting Support Reactions 
To verify the wall will not overturn, 
E!+	E.	!	[++ = 66.10 ∗ 121.5 ∗ '13.12( 
E!+	E.	!	[++ = 6937.9	+  
N = 	 E.max++![E!+	E.	!	[++ = 	
19.447
6.9379 
N~2.8 
Conclusion: DLW 4 loading combination will not overturn the walls 
To verify the wall will not crush, 
E!+	N2	!	[++ = 273.99 ∗ 121.5 ∗ '13.12( 
E!+	N2	!	[++ = 28758	+  
` = 	 28758	+ 4.5 ∗ '13.12 ∗ 12(: 
` = 	40.59	@  
N = 	 `max ++![`	!a	+!	!! = 	
80
40.59 
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N~2 
Conclusion: DLW 4 loading combination will not crush the walls 
 
Analyzing Vault in SAP2000 
Objective is to determine the strength requirements of vault bricks that must be made in Ghana 
 
Since the highest compressions will come where thrust is combined with the largest flexural 
stresses in compression, and the highest tensions will come where thrust is overcome by the 
flexural stresses in tension, each loading condition was analyzed along the entire length of the 
arch in order to find highest compression and tension requirements. 
` = 	b1 +	
Bc
d  
where P is the thrust at any location along the arch, distributed over the arch cross-section A, 
combined with the flexural stress, calculated by multiplying the moment at said location, M, by 
the distance to the neutral axis, y, and dividing by the moment of inertia, I, for the arch. 
The worst-case scenario was DLW 1, where the highest area of compression was 125.75 psi and 
the highest area of tension was 60.69 psi. 
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Bending Moment Diagram 
DLW CASE I 
Joint 
Distance 
from 
base 
along arc 
(in) 
Thrust 
(lbs) 
Compressive 
Stress from 
Thrust (psi) 
Moment 
(ft-lb) 
Moment 
(in-lb) 
Stress 
from 
Moment 
(psi) 
Sum of 
Top 
Comp. 
(psi) 
Sum of 
Bottom 
Comp. 
(psi) 
1 0.00 280.15 41.50 0 0 0 41.50 41.50 
 0.95 274.30 40.64 -3.07 -36.89 -7.29 33.35 47.92 
 1.90 268.44 39.77 -6.15 -73.78 -14.57 25.20 54.34 
 2.85 262.59 38.90 -9.22 -110.66 -21.86 17.04 60.76 
 3.80 256.74 38.04 -12.30 -147.55 -29.15 8.89 67.18 
 4.75 250.89 37.17 -15.37 -184.44 -36.43 0.74 73.60 
 5.70 245.03 36.30 -18.44 -221.33 -43.72 -7.42 80.02 
 6.65 239.18 35.43 -21.52 -258.22 -51.00 -15.57 86.44 
 7.60 233.33 34.57 -24.59 -295.10 -58.29 -23.72 92.86 
 8.55 227.47 33.70 -27.67 -331.99 -65.58 -31.88 99.28 
2 9.50 221.62 32.83 -30.74 -368.88 -72.86 -40.03 105.70 
 10.45 215.74 31.96 -30.08 -360.97 -71.30 -39.34 103.26 
 11.40 209.85 31.09 -29.42 -353.06 -69.74 -38.65 100.83 
 12.35 203.97 30.22 -28.76 -345.16 -68.18 -37.96 98.39 
 13.30 198.09 29.35 -28.10 -337.25 -66.61 -37.27 95.96 
 14.25 192.21 28.47 -27.45 -329.34 -65.05 -36.58 93.53 
 15.20 186.32 27.60 -26.79 -321.43 -63.49 -35.89 91.09 
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 16.15 180.44 26.73 -26.13 -313.52 -61.93 -35.20 88.66 
 17.10 174.56 25.86 -25.47 -305.62 -60.37 -34.51 86.23 
 18.05 168.67 24.99 -24.81 -297.71 -58.80 -33.82 83.79 
3 19.00 162.79 24.12 -24.15 -289.80 -57.24 -33.13 81.36 
 19.95 158.23 23.44 -22.12 -265.45 -52.43 -28.99 75.88 
 20.90 153.68 22.77 -20.09 -241.10 -47.62 -24.86 70.39 
 21.85 149.12 22.09 -18.06 -216.76 -42.81 -20.72 64.91 
 22.80 144.57 21.42 -16.03 -192.41 -38.01 -16.59 59.42 
 23.75 140.01 20.74 -14.01 -168.06 -33.20 -12.45 53.94 
 24.70 135.45 20.07 -11.98 -143.71 -28.39 -8.32 48.45 
 25.65 130.90 19.39 -9.95 -119.36 -23.58 -4.19 42.97 
 26.60 126.34 18.72 -7.92 -95.02 -18.77 -0.05 37.49 
 27.55 121.79 18.04 -5.89 -70.67 -13.96 4.08 32.00 
4 28.50 117.23 17.37 -3.86 -46.32 -9.15 8.22 26.52 
 29.45 114.16 16.91 -2.26 -27.14 -5.36 11.55 22.27 
 30.40 111.09 16.46 -0.66 -7.97 -1.57 14.88 18.03 
 31.35 108.02 16.00 0.93 11.21 2.21 18.22 13.79 
 32.30 104.95 15.55 2.53 30.38 6.00 21.55 9.55 
 33.25 101.88 15.09 4.13 49.56 9.79 24.88 5.30 
 34.20 98.81 14.64 5.73 68.74 13.58 28.22 1.06 
 35.15 95.74 14.18 7.33 87.91 17.36 31.55 -3.18 
 36.10 92.67 13.73 8.92 107.09 21.15 34.88 -7.42 
 37.05 89.60 13.27 10.52 126.26 24.94 38.21 -11.67 
5 38.00 86.53 12.82 12.12 145.44 28.73 41.55 -15.91 
 38.95 85.38 12.65 12.48 149.71 29.57 42.22 -16.92 
 39.90 84.23 12.48 12.83 153.98 30.42 42.89 -17.94 
 40.85 83.08 12.31 13.19 158.26 31.26 43.57 -18.95 
 41.80 81.93 12.14 13.54 162.53 32.10 44.24 -19.96 
 42.75 80.79 11.97 13.90 166.80 32.95 44.92 -20.98 
 43.70 79.64 11.80 14.26 171.07 33.79 45.59 -21.99 
 44.65 78.49 11.63 14.61 175.34 34.63 46.26 -23.01 
 45.60 77.34 11.46 14.97 179.62 35.48 46.94 -24.02 
 46.55 76.19 11.29 15.32 183.89 36.32 47.61 -25.04 
6 47.50 75.04 11.12 15.68 188.16 37.17 48.28 -26.05 
 48.45 74.94 11.10 15.33 183.91 36.33 47.43 -25.23 
 49.40 74.83 11.09 14.97 179.66 35.49 46.57 -24.40 
 50.35 74.73 11.07 14.62 175.42 34.65 45.72 -23.58 
 51.30 74.63 11.06 14.26 171.17 33.81 44.87 -22.75 
 52.25 74.53 11.04 13.91 166.92 32.97 44.01 -21.93 
 53.20 74.42 11.03 13.56 162.67 32.13 43.16 -21.11 
 54.15 74.32 11.01 13.20 158.42 31.29 42.30 -20.28 
 55.10 74.22 10.99 12.85 154.18 30.45 41.45 -19.46 
 56.05 74.11 10.98 12.49 149.93 29.61 40.59 -18.63 
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crest 57.00 74.01 10.96 12.14 145.68 28.78 39.74 -17.81 
 57.95 74.37 11.02 11.90 142.79 28.20 39.22 -17.19 
 58.90 74.73 11.07 11.66 139.90 27.63 38.70 -16.56 
 59.85 75.10 11.13 11.42 137.00 27.06 38.19 -15.94 
 60.80 75.46 11.18 11.18 134.11 26.49 37.67 -15.31 
 61.75 75.82 11.23 10.94 131.22 25.92 37.15 -14.69 
 62.70 76.18 11.29 10.69 128.33 25.35 36.63 -14.06 
 63.65 76.54 11.34 10.45 125.44 24.78 36.12 -13.44 
 64.60 76.91 11.39 10.21 122.54 24.21 35.60 -12.81 
 65.55 77.27 11.45 9.97 119.65 23.63 35.08 -12.19 
8 66.50 77.63 11.50 9.73 116.76 23.06 34.56 -11.56 
 67.45 79.09 11.72 8.91 106.90 21.11 32.83 -9.40 
 68.40 80.55 11.93 8.09 97.03 19.17 31.10 -7.23 
 69.35 82.02 12.15 7.26 87.17 17.22 29.37 -5.07 
 70.30 83.48 12.37 6.44 77.30 15.27 27.64 -2.90 
 71.25 84.94 12.58 5.62 67.44 13.32 25.90 -0.74 
 72.20 86.40 12.80 4.80 57.58 11.37 24.17 1.43 
 73.15 87.86 13.02 3.98 47.71 9.42 22.44 3.59 
 74.10 89.33 13.23 3.15 37.85 7.48 20.71 5.76 
 75.05 90.79 13.45 2.33 27.98 5.53 18.98 7.92 
9 76.00 92.25 13.67 1.51 18.12 3.58 17.25 10.09 
 76.95 95.56 14.16 -0.33 -3.91 -0.77 13.38 14.93 
 77.90 98.87 14.65 -2.16 -25.94 -5.12 9.52 19.77 
 78.85 102.18 15.14 -4.00 -47.98 -9.48 5.66 24.61 
 79.80 105.49 15.63 -5.83 -70.01 -13.83 1.80 29.46 
 80.75 108.81 16.12 -7.67 -92.04 -18.18 -2.06 34.30 
 81.70 112.12 16.61 -9.51 -114.07 -22.53 -5.92 39.14 
 82.65 115.43 17.10 -11.34 -136.10 -26.88 -9.78 43.98 
 83.60 118.74 17.59 -13.18 -158.14 -31.24 -13.64 48.83 
 84.55 122.05 18.08 -15.01 -180.17 -35.59 -17.51 53.67 
10 85.50 125.36 18.57 -16.85 -202.20 -39.94 -21.37 58.51 
 86.45 130.05 19.27 -18.80 -225.62 -44.57 -25.30 63.83 
 87.40 134.73 19.96 -20.75 -249.05 -49.19 -29.23 69.15 
 88.35 139.42 20.65 -22.71 -272.47 -53.82 -33.16 74.47 
 89.30 144.11 21.35 -24.66 -295.90 -58.45 -37.10 79.80 
 90.25 148.80 22.04 -26.61 -319.32 -63.07 -41.03 85.12 
 91.20 153.48 22.74 -28.56 -342.74 -67.70 -44.96 90.44 
 92.15 158.17 23.43 -30.51 -366.17 -72.33 -48.89 95.76 
 93.10 162.86 24.13 -32.47 -389.59 -76.95 -52.83 101.08 
 94.05 167.54 24.82 -34.42 -413.02 -81.58 -56.76 106.40 
11 95.00 172.23 25.52 -36.37 -436.44 -86.21 -60.69 111.72 
 95.95 178.05 26.38 -36.60 -439.18 -86.75 -60.37 113.13 
 96.90 183.86 27.24 -36.83 -441.91 -87.29 -60.05 114.53 
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 97.85 189.68 28.10 -37.05 -444.65 -87.83 -59.73 115.93 
 98.80 195.50 28.96 -37.28 -447.38 -88.37 -59.41 117.33 
 99.75 201.32 29.82 -37.51 -450.12 -88.91 -59.09 118.73 
 100.70 207.13 30.69 -37.74 -452.86 -89.45 -58.76 120.14 
 101.65 212.95 31.55 -37.97 -455.59 -89.99 -58.44 121.54 
 102.60 218.77 32.41 -38.19 -458.33 -90.53 -58.12 122.94 
 103.55 224.58 33.27 -38.42 -461.06 -91.07 -57.80 124.34 
12 104.50 230.40 34.13 -38.65 -463.80 -91.61 -57.48 125.75 
 105.45 236.16 34.99 -34.79 -417.42 -82.45 -47.46 117.44 
 106.40 241.92 35.84 -30.92 -371.04 -73.29 -37.45 109.13 
 107.35 247.69 36.69 -27.06 -324.66 -64.13 -27.43 100.82 
 108.30 253.45 37.55 -23.19 -278.28 -54.97 -17.42 92.51 
 109.25 259.21 38.40 -19.33 -231.90 -45.81 -7.40 84.21 
 110.20 264.97 39.26 -15.46 -185.52 -36.64 2.61 75.90 
 111.15 270.73 40.11 -11.60 -139.14 -27.48 12.63 67.59 
 112.10 276.50 40.96 -7.73 -92.76 -18.32 22.64 59.28 
 113.05 282.26 41.82 -3.87 -46.38 -9.16 32.65 50.98 
13 114.00 288.02 42.67 0 0 0 42.67 42.67 
         
max       48.283 125.745 
       -60.692 -26.049 
 
D-1 
 
Appendix D 
AVN Structure Modeling and Hand Calculations 
Key Parameters and Dimensions 
Arc Length, S 
 = 	  ∗  
 
where rc is the radius at the center of the vault bricks and θ is the angle of the vault, 180 degrees. 
 
 = 11.15	2  ∗ 	180	 ∗ 
	
180	 
 
 = 17.51	 = 210.12	 
 
Number of bricks in one arch 
 
210.12	
9.75	 = 21				ℎ 
 
*after adding space for mortar between bricks, estimates reduced brick number to ~18 
 
Volume of one arch 
 
!"#$ = 18 ∗ %2	 ∗ 5.88	 ∗ 9.75	& 
 
!"#$ = 2063.88	) = 1.19	) 
 
Weight of one arch 
 
*"#$ = 1.19	) ∗ 168	+)  
 
*"#$ = 199.9	+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Analysis of thrust capacity of walls 
 
Free Body Diagram of AVN Wall 
 
To find the total weight of the wall, 
 
*,"-- = 168	. ∗ %14.8 ∗ 1.97 ∗ 5.25&) 
 
*,"-- = 25715.6	+ = 25.715	. 
 
Complex Loading Scenario - (DLW) Combination 
The worst-case loading scenario was re-applied to the new SAP2000 model of the AVN vault. 
Analyzing Walls in SAP2000 
DLW 1 loading conditions are as follows: 
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Distribution of Fill Dead Load 
 
Distribution of Wind Load 
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Distribution of Live Load 
 
Resulting Thrust Distribution 
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Resulting Support Reactions 
 
To verify the wall will not overturn, 
0+	01		2++ = 203.95 ∗ 122  ∗ %14.8& 
0+	01		2++ = 18110.76	+ 
0+	34		2++ = 1135.76 ∗ 122  ∗ %14.8& 
0+	34		2++ = 100855.5	+ 
567 = 0 
 
Verify that overturning moment < righting moment by a factor of safety 
 
%01	89	,"-- ∗ 5.25	& : 34	89	,"-- ∗ 20.6612  ;	*,"-- ∗ 
11.8
12  
 
%18110.8 ∗ 5.25	& : 100855.5 ∗ 20.6612  ; 	25715 ∗ 
11.8
12  
 
 
95007	+	 : 198926.5	+	  VERIFIED 
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3 = 	198926.595007 = 2.1 
 
Conclusion: DLW 1 loading combination will not overturn the walls. 
 
To verify the wall will not crush, 
 
Verify that Fy on the wall will not cause normal stress higher than our tested 89 psi 
 
< = 	 100855.5	+5.88 ∗ 14.18 ∗ 12	= 	: 89	. 
 
< = 	96.6	.	 : 89	.  NOT VERIFIED, therefore crushing failure possible 
Analyzing Vault in SAP2000 
 
Objective is to verify the strength requirements of the vault bricks are within the capacity of the 
soil tested in Ghana 
 
 
Bending Moment Diagram 
 
Joint 
Distance 
from 
base 
along arc 
(in) 
Thrust 
(lbs) 
Compressive 
Stress from 
Thrust (psi) 
Moment 
(lb-ft) 
Moment 
(in-lb) 
Stress 
from 
Moment 
(psi) 
Sum of 
Top 
Comp. 
(psi) 
Sum of 
Bottom 
Comp. 
(psi) 
1 0.00 1177.99 100.25 0 0 0 100.25 100.25 
 0.98 1145.76 97.51 -10.619 -127.428 -9.43 88.09 106.94 
 1.95 1113.52 94.77 -21.238 -254.856 -18.85 75.92 113.62 
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 2.93 1081.29 92.02 -31.857 -382.284 -28.28 63.75 120.30 
 3.90 1049.06 89.28 -42.476 -509.712 -37.70 51.58 126.98 
 4.88 1016.83 86.54 -53.095 -637.14 -47.13 39.41 133.66 
 5.85 984.59 83.80 -63.714 -764.568 -56.55 27.24 140.35 
 6.83 952.36 81.05 -74.333 -891.996 -65.98 15.08 147.03 
 7.80 920.13 78.31 -84.952 
-
1019.424 -75.40 2.91 153.71 
 8.78 887.89 75.57 -95.571 
-
1146.852 -84.83 -9.26 160.39 
2 9.75 855.66 72.82 -106.19 -1274.28 -94.25 -21.43 167.07 
 10.73 834.97 71.06 -107.737 
-
1292.844 -95.62 -24.56 166.69 
 11.70 814.27 69.30 -109.284 
-
1311.408 -97.00 -27.70 166.30 
 12.68 793.58 67.54 -110.831 
-
1329.972 -98.37 -30.83 165.91 
 13.65 772.89 65.78 -112.378 
-
1348.536 -99.74 -33.97 165.52 
 14.63 752.20 64.02 -113.925 -1367.1 -101.12 -37.10 165.13 
 15.60 731.50 62.26 -115.472 
-
1385.664 -102.49 -40.23 164.75 
 16.58 710.81 60.49 -117.019 
-
1404.228 -103.86 -43.37 164.36 
 17.55 690.12 58.73 -118.566 
-
1422.792 -105.24 -46.50 163.97 
 18.53 669.42 56.97 -120.113 
-
1441.356 -106.61 -49.64 163.58 
3 19.50 648.73 55.21 -121.66 -1459.92 -107.98 -52.77 163.19 
 20.48 631.62 53.75 -115.689 
-
1388.268 -102.68 -48.93 156.44 
 21.45 614.50 52.30 -109.718 
-
1316.616 -97.38 -45.08 149.68 
 22.43 597.39 50.84 -103.747 
-
1244.964 -92.08 -41.24 142.92 
 23.40 580.28 49.39 -97.776 
-
1173.312 -86.78 -37.40 136.17 
 24.38 563.17 47.93 -91.805 -1101.66 -81.48 -33.55 129.41 
 25.35 546.05 46.47 -85.834 
-
1030.008 -76.18 -29.71 122.66 
 26.33 528.94 45.02 -79.863 -958.356 -70.88 -25.87 115.90 
 27.30 511.83 43.56 -73.892 -886.704 -65.58 -22.02 109.14 
 28.28 494.71 42.10 -67.921 -815.052 -60.28 -18.18 102.39 
4 29.25 477.60 40.65 -61.95 -743.4 -54.99 -14.34 95.63 
 30.23 464.98 39.57 -54.552 -654.624 -48.42 -8.85 87.99 
 31.20 452.36 38.50 -47.154 -565.848 -41.85 -3.35 80.35 
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 32.18 439.75 37.43 -39.756 -477.072 -35.29 2.14 72.71 
 33.15 427.13 36.35 -32.358 -388.296 -28.72 7.63 65.07 
 34.13 414.51 35.28 -24.96 -299.52 -22.15 13.12 57.43 
 35.10 401.89 34.20 -17.562 -210.744 -15.59 18.62 49.79 
 36.08 389.27 33.13 -10.164 -121.968 -9.02 24.11 42.15 
 37.05 376.66 32.06 -2.766 -33.192 -2.46 29.60 34.51 
 38.03 364.04 30.98 4.632 55.584 4.11 35.09 26.87 
5 39.00 351.42 29.91 12.03 144.36 10.68 40.59 19.23 
 39.98 343.13 29.20 17.459 209.508 15.50 44.70 13.71 
 40.95 334.85 28.50 22.888 274.656 20.31 48.81 8.18 
 41.93 326.56 27.79 28.317 339.804 25.13 52.93 2.66 
 42.90 318.28 27.09 33.746 404.952 29.95 57.04 -2.86 
 43.88 309.99 26.38 39.175 470.1 34.77 61.15 -8.39 
 44.85 301.70 25.68 44.604 535.248 39.59 65.27 -13.91 
 45.83 293.42 24.97 50.033 600.396 44.41 69.38 -19.44 
 46.80 285.13 24.27 55.462 665.544 49.23 73.49 -24.96 
 47.78 276.85 23.56 60.891 730.692 54.05 77.61 -30.48 
6 48.75 268.56 22.86 66.32 795.84 58.86 81.72 -36.01 
 49.73 263.84 22.45 68.61 823.32 60.90 83.35 -38.44 
 50.70 259.12 22.05 70.9 850.8 62.93 84.98 -40.88 
 51.68 254.40 21.65 73.19 878.28 64.96 86.61 -43.31 
 52.65 249.68 21.25 75.48 905.76 66.99 88.24 -45.74 
 53.63 244.97 20.85 77.77 933.24 69.03 89.87 -48.18 
 54.60 240.25 20.45 80.06 960.72 71.06 91.51 -50.61 
 55.58 235.53 20.04 82.35 988.2 73.09 93.14 -53.05 
 56.55 230.81 19.64 84.64 1015.68 75.12 94.77 -55.48 
 57.53 226.09 19.24 86.93 1043.16 77.16 96.40 -57.92 
7 58.50 221.37 18.84 89.22 1070.64 79.19 98.03 -60.35 
 59.48 219.20 18.66 89.195 1070.34 79.17 97.82 -60.51 
 60.45 217.19 18.48 89.17 1070.04 79.14 97.63 -60.66 
 61.43 215.18 18.31 89.145 1069.74 79.12 97.44 -60.81 
 62.40 213.16 18.14 89.12 1069.44 79.10 97.24 -60.96 
 63.38 211.15 17.97 89.095 1069.14 79.08 97.05 -61.11 
 64.35 209.14 17.80 89.07 1068.84 79.06 96.86 -61.26 
 65.33 207.13 17.63 89.045 1068.54 79.03 96.66 -61.41 
 66.30 205.12 17.46 89.02 1068.24 79.01 96.47 -61.56 
 67.28 203.10 17.29 88.995 1067.94 78.99 96.28 -61.70 
8 68.25 199.66 16.99 88.97 1067.64 78.97 95.96 -61.98 
 69.23 199.08 16.94 86.167 1034.004 76.48 93.42 -59.54 
 70.20 198.50 16.89 83.364 1000.368 73.99 90.89 -57.10 
 71.18 197.92 16.84 80.561 966.732 71.50 88.35 -54.66 
 72.15 197.34 16.80 77.758 933.096 69.02 85.81 -52.22 
 73.13 196.77 16.75 74.955 899.46 66.53 83.27 -49.78 
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 74.10 196.19 16.70 72.152 865.824 64.04 80.74 -47.34 
 75.08 195.61 16.65 69.349 832.188 61.55 78.20 -44.90 
 76.05 195.03 16.60 66.546 798.552 59.06 75.66 -42.47 
 77.03 194.45 16.55 63.743 764.916 56.58 73.13 -40.03 
9 78.00 193.87 16.50 60.94 731.28 54.09 70.59 -37.59 
 78.98 193.78 16.49 57.887 694.644 51.38 67.87 -34.89 
 79.95 193.69 16.48 54.834 658.008 48.67 65.15 -32.19 
 80.93 193.60 16.48 51.781 621.372 45.96 62.44 -29.48 
 81.90 193.51 16.47 48.728 584.736 43.25 59.72 -26.78 
 82.88 193.42 16.46 45.675 548.1 40.54 57.00 -24.08 
 83.85 193.32 16.45 42.622 511.464 37.83 54.28 -21.38 
 84.82 193.23 16.45 39.569 474.828 35.12 51.57 -18.68 
 85.80 193.14 16.44 36.516 438.192 32.41 48.85 -15.97 
 86.77 193.05 16.43 33.463 401.556 29.70 46.13 -13.27 
10 87.75 192.96 16.42 30.41 364.92 26.99 43.41 -10.57 
 88.72 193.63 16.48 27.844 334.128 24.71 41.19 -8.23 
 89.70 194.31 16.54 25.278 303.336 22.44 38.97 -5.90 
 90.67 194.98 16.59 22.712 272.544 20.16 36.75 -3.56 
 91.65 195.66 16.65 20.146 241.752 17.88 34.53 -1.23 
 92.62 196.33 16.71 17.58 210.96 15.60 32.31 1.11 
 93.60 197.00 16.77 15.014 180.168 13.33 30.09 3.44 
 94.57 197.68 16.82 12.448 149.376 11.05 27.87 5.78 
 95.55 198.35 16.88 9.882 118.584 8.77 25.65 8.11 
 96.52 199.03 16.94 7.316 87.792 6.49 23.43 10.44 
11 97.50 199.70 17.00 4.75 57 4.22 21.21 12.78 
 98.47 200.89 17.10 3.08 36.96 2.73 19.83 14.36 
 99.45 202.08 17.20 1.41 16.92 1.25 18.45 15.95 
 100.43 203.27 17.30 -0.26 -3.12 -0.23 17.07 17.53 
 101.40 204.46 17.40 -1.93 -23.16 -1.71 15.69 19.11 
 102.38 205.66 17.50 -3.6 -43.2 -3.20 14.31 20.70 
 103.35 206.85 17.60 -5.27 -63.24 -4.68 12.93 22.28 
 104.33 208.04 17.71 -6.94 -83.28 -6.16 11.55 23.87 
 105.30 209.23 17.81 -8.61 -103.32 -7.64 10.16 25.45 
 106.28 210.42 17.91 -10.28 -123.36 -9.12 8.78 27.03 
12 107.25 211.61 18.01 -11.95 -143.4 -10.61 7.40 28.62 
 108.23 213.97 18.21 -13.645 -163.74 -12.11 6.10 30.32 
 109.20 216.32 18.41 -15.34 -184.08 -13.62 4.79 32.03 
 110.18 218.68 18.61 -17.035 -204.42 -15.12 3.49 33.73 
 111.15 221.03 18.81 -18.73 -224.76 -16.62 2.19 35.44 
 112.13 223.39 19.01 -20.425 -245.1 -18.13 0.88 37.14 
 113.10 225.75 19.21 -22.12 -265.44 -19.63 -0.42 38.85 
 114.08 228.10 19.41 -23.815 -285.78 -21.14 -1.72 40.55 
 115.05 230.46 19.61 -25.51 -306.12 -22.64 -3.03 42.26 
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 116.03 232.81 19.81 -27.205 -326.46 -24.15 -4.33 43.96 
13 117.00 235.17 20.01 -28.9 -346.8 -25.65 -5.64 45.67 
 117.98 239.65 20.40 -31.697 -380.364 -28.13 -7.74 48.53 
 118.95 244.13 20.78 -34.494 -413.928 -30.62 -9.84 51.39 
 119.93 248.61 21.16 -37.291 -447.492 -33.10 -11.94 54.26 
 120.90 253.09 21.54 -40.088 -481.056 -35.58 -14.04 57.12 
 121.88 257.58 21.92 -42.885 -514.62 -38.06 -16.14 59.98 
 122.85 262.06 22.30 -45.682 -548.184 -40.55 -18.24 62.85 
 123.83 266.54 22.68 -48.479 -581.748 -43.03 -20.34 65.71 
 124.80 271.02 23.07 -51.276 -615.312 -45.51 -22.45 68.58 
 125.78 275.50 23.45 -54.073 -648.876 -47.99 -24.55 71.44 
14 126.75 279.98 23.83 -56.87 -682.44 -50.48 -26.65 74.30 
 127.73 287.64 24.48 -61.277 -735.324 -54.39 -29.91 78.87 
 128.70 295.30 25.13 -65.684 -788.208 -58.30 -33.17 83.43 
 129.68 302.97 25.78 -70.091 -841.092 -62.21 -36.43 88.00 
 130.65 310.63 26.44 -74.498 -893.976 -66.12 -39.69 92.56 
 131.63 318.29 27.09 -78.905 -946.86 -70.03 -42.95 97.12 
 132.60 325.95 27.74 -83.312 -999.744 -73.95 -46.20 101.69 
 133.58 333.61 28.39 -87.719 
-
1052.628 -77.86 -49.46 106.25 
 134.55 341.28 29.04 -92.126 
-
1105.512 -81.77 -52.72 110.81 
 135.53 348.94 29.70 -96.533 
-
1158.396 -85.68 -55.98 115.38 
15 136.50 356.60 30.35 -100.94 -1211.28 -89.59 -59.24 119.94 
 137.48 368.23 31.34 -106.099 
-
1273.188 -94.17 -62.83 125.51 
 138.45 379.86 32.33 -111.258 
-
1335.096 -98.75 -66.42 131.08 
 139.43 391.50 33.32 -116.417 
-
1397.004 -103.33 -70.01 136.65 
 140.40 403.13 34.31 -121.576 
-
1458.912 -107.91 -73.60 142.22 
 141.38 414.76 35.30 -126.735 -1520.82 -112.49 -77.19 147.79 
 142.35 426.39 36.29 -131.894 
-
1582.728 -117.07 -80.78 153.35 
 143.33 438.02 37.28 -137.053 
-
1644.636 -121.64 -84.37 158.92 
 144.30 449.66 38.27 -142.212 
-
1706.544 -126.22 -87.96 164.49 
 145.28 461.29 39.26 -147.371 
-
1768.452 -130.80 -91.54 170.06 
16 146.25 472.92 40.25 -152.53 -1830.36 -135.38 -95.13 175.63 
 147.23 484.55 41.24 -155.471 
-
1865.652 -137.99 -96.75 179.23 
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 148.20 496.18 42.23 -158.412 
-
1900.944 -140.60 -98.37 182.83 
 149.18 507.82 43.22 -161.353 
-
1936.236 -143.21 -99.99 186.43 
 150.15 519.45 44.21 -164.294 
-
1971.528 -145.82 -101.61 190.03 
 151.13 531.08 45.20 -167.235 -2006.82 -148.43 -103.24 193.63 
 152.10 542.71 46.19 -170.176 
-
2042.112 -151.04 -104.86 197.23 
 153.08 554.34 47.18 -173.117 
-
2077.404 -153.65 -106.48 200.83 
 154.05 565.98 48.17 -176.058 
-
2112.696 -156.26 -108.10 204.43 
 155.03 577.61 49.16 -178.999 
-
2147.988 -158.87 -109.72 208.03 
17 156.00 631.65 53.76 -181.94 -2183.28 -161.49 -107.73 215.24 
 156.98 643.28 54.75 -177.085 -2125.02 -157.18 -102.43 211.92 
 157.95 654.91 55.74 -172.23 -2066.76 -152.87 -97.13 208.60 
 158.93 666.55 56.73 -167.375 -2008.5 -148.56 -91.83 205.29 
 159.90 678.18 57.72 -162.52 -1950.24 -144.25 -86.53 201.97 
 160.88 689.81 58.71 -157.665 -1891.98 -139.94 -81.23 198.65 
 161.85 701.44 59.70 -152.81 -1833.72 -135.63 -75.93 195.33 
 162.83 713.07 60.69 -147.955 -1775.46 -131.32 -70.63 192.01 
 163.80 724.71 61.68 -143.1 -1717.2 -127.01 -65.33 188.69 
 164.77 736.34 62.67 -138.245 -1658.94 -122.70 -60.04 185.37 
18 165.75 824.41 70.16 -133.39 -1600.68 -118.39 -48.23 188.56 
 166.72 840.28 71.51 -120.051 
-
1440.612 -106.55 -35.04 178.07 
 167.70 856.16 72.86 -106.712 
-
1280.544 -94.71 -21.85 167.58 
 168.67 872.03 74.22 -93.373 
-
1120.476 -82.88 -8.66 157.09 
 169.65 887.90 75.57 -80.034 -960.408 -71.04 4.53 146.60 
 170.62 903.78 76.92 -66.695 -800.34 -59.20 17.72 136.11 
 171.60 919.65 78.27 -53.356 -640.272 -47.36 30.91 125.63 
 172.57 935.52 79.62 -40.017 -480.204 -35.52 44.10 115.14 
 173.55 951.39 80.97 -26.678 -320.136 -23.68 57.29 104.65 
 174.52 967.27 82.32 -13.339 -160.068 -11.84 70.48 94.16 
19 175.50 993.01 84.51 0 0 0 84.51 84.51 
         
max       100.254 215.243 
       
-
109.717 -61.975 
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Nubian Vault Floor Plans 
Below are plans (in metric units) and images of options presented for construction by the Nubian 
Vault Association provided by the AVN Project Coordinator in Ghana, Giulio Cocchini. 
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 Nubian Vault Technical Mason’s Manual  
This document was obtained from Giulio Cocchini of the AVN while in Gambibgo.   
Source:  
Bois-Soulier, Gaëlle. The Nubian Vault Mason's Manual: Advice for Masons Trained in the  
  Construction of Nubian Vaults. N.p.: Nubian Vault Association, 2010. Print. 
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  Association « La Voûte Nubienne »
« The Nubian Vault Mason's 
Manual »
Advice for masons trained in the 
construction of nubian vaults 
 
English version 
La Voûte Nubienne_9 rue des Arts, 34 190 GANGES (France)_ contact@lavoutenubienne.org 
tel : 00.33.67.81.21.05
directed by Thomas Granier_president of AVN
document written by Gaëlle Bois-Soulier et Laure Cornet_Architectes en Spécialisation  Architecture de Terre (ENSAG)
And translated from French to English by Austin Hawkins
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Foreword
The goal of this 33 page manual, distributed by the 
association  « la  voute  nubienne »  (AVN)  is  to 
outline  the  rules  and  basic  principles  given  to 
nubian  vault  masons  in  Zambia.   The  manual 
presents the principal elements of the technique that 
AVN  and  its  trained  masons  have  practiced  and 
perfected.
This construction technique has been tested only in 
the sahel and is therefore so far only validated for 
these regions (validation to follow for Zambia).  
Warning:  This  document  pertains  only  to  the 
construction  of  vaults  of  a  maximum 3,30  width. 
For the construction of a larger vault, the transfer of 
forces, and therefore the technique would have to be 
revised.  
This manual is meant to compliment and reinforce 
the  training  of  masons,  construction  supervisors, 
and  entrepreneurs  for  work  on  nubian  vaults.   It 
must not be considered a construction manual and 
under no circumstances could it replace the on-site 
training validated by AVN.  
The use of this document does not make AVN liable 
for any construction.
Trained  masons  and  entrepreneurs  will  use  this 
manual as support in training their apprentices.
This  illustrated  manual  represents  the  essential 
information  used  in  the  construction  of  a  nubian 
vault  and does not include all  information on this 
topic.  It is possible to co,pliment this manual with 
additional  documents  (plans,  photos,  decoration, 
etc.)
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1.CHOOSING A BUILDING SITE
   
A bad site
A good site
Examine the terrain before starting construction 
Avoid low-lying areas and areas of intense watershed
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             Orientation IF POSSIBLE
Les projections d'eau abîment le mur :
−
Streaming water damages the wall 
To project the rainwater away from the walls, position gargoyles on the leeward side of the house.
To protect the base of the walls, build a sloped base with soil and stones surrounding the house.
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2.ELEMENTS OF CONSTRUCTION
  Parts of a nubian vault
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ELEMENTS OF CONSTRUCTION
Materials used
− Good soil: for mud, mortar, and drainage
     
Rough stones for foundations
Mud bricks for the walls: large bricks of the best possible 
quality  (those  that  are  usuallyfound  in  villages).   Their 
dimensions are roughly 38x18x18cm.
−
Little bricks for the vaults: made directlyon site with the 
best  quality  soil  (grain  siloh  soil).  The  construction 
supervisor  must  direct  production.   The  dimensions  of 
these bricks are 24x12x4,5cm.
 The plastic layer
Water
Budget permitting and given availability of materials :
Cut laterite bricks of good quality or
Compressed earthen bricks can be used for vault-bearing walls
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ELEMENTS DE CONSTRUCTION
Work-site tools
The tools of a mason
 Tools for cable installation
 January 2010                                                                                                                                                8
wheel-barrow
barrel
mould
lever
pickaxe
Large hoe
shovel
trowel
plank
wagon
brush
Metal rings
nails
Steel cable
broom
tamper
bucket
Small hoe
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ELEMENTS OF CONSTRUCTION
Producing vault bricks
Wooden moulds for bricks of the dimensions  24cm x 12cm x 4,5cm
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ELEMENTS OF CONSTRUCTION
The steps of producing vault bricks
1. Preparation of the soil
• Crush  and  mix  the  soil  (good  quality)  with 
water and straw.
• Let the mix soak for a minimum 2 days 
• Mix again before using
2. Molding bricks 
3. After drying flat; the bricks are stood on end 
4. Scraping and cleaning the bricks 
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3.CONSTRUCTING EXTERIOR WALLS
Surveying
Clean the site
To position the guide lines, apply the 3, 4, 5 rule. This rule establishes the right angles.  
Extend the lines and verify that A=A,  B=B, C=C
Pound the stakes in so they wont be pulled out.  The lines indicate the exterior of the foundation.  
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CONSTRUCTION OF EXTERIOR WALLS
Excavations
1. Use the guidelines to trace the extent of the 
foundation with a pickaxe
- 60 cm thick walls→ 70cm wide 
excavation
- 40 cm wide walls→ 50 cm wide 
excavation
  
2. Excavate and level the bottom
Soft or weak soil→ deep foundation
Hard soil → shallow foundation
For normal soil : 
load-bearing wall of gable wall → a 60cm deep 
excavation
Interior wall→ a 40cm deep excavation
IMPORTANT: if, on the same site, there is rock 
and soil , the soil must be dug out and the rock 
left in place.
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CONSTRUCTION OF EXTERIOR WALLS
Foundations
Fill with rough stones                             
Place the biggest stones with their flattest side facing 
out
Fill spaces between stones and a top layer over 
the foundation with mud.   
For a 60cm wall
→ 70 cm wide foundation
Construct the wall on the inside edge of the foundation
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Or
!
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CONSTRUCTION OF EXTERIOR WALLS
Types of walls used in a nubian vault
INTERIOR WALL 
depth of foundation : about 40 cm
width of foundation : 20 cm
EXTERIOR GABLE WALL : 40 cm
depth of foundation : depending on the type of soil
width of foundation : 50 cm
Construction of wall on the interior edge
10cm of foundation is left on the exterior of the wall
EXTERIOR LOAD-BEARING WALL : 60 cm
depth of foundation : depending on the type of soil
width of foundation: 70cm
Construction of wall on the interior edge
10cm of foundation is left on the exterior of the wall
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CONSTRUCTION OF EXTERIOR WALLS
Laying vault-bearing walls
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CONSTRUCTION OF EXTERIOR WALLS
Laying gable walls (end of the vault)
Carefully laying bricks avoids cracks and insures a solid 
wall.
The mandatory mud covering should be at least 5cm thick 
IF POSSIBLE
IMPORTANT : 
For good cohesion, the bricks must be wet before being 
placed.  This applies to ALL bricks used in construction.
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Offset the joints in every course 
Cable attachment point
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CONSTRUCTION OF EXTERIOR WALLS
Checking verticality
To check the alignment, stretch a string along the outside of the wall and pintch it under two bricks at 
the ends of the wall
For vault-bearing walls:
To check verticality, use a plump bob (or even any 
weight tied to the end of a string), and check 
horizontality with a level.
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CONSTRUCTION OF EXTERIOR WALLS
Checking verticality
For gable walls (end of the vault)
 
Gable walls lean slightly towards the interior : 1 cm per 1,5 m
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4.CONSTRUCTION OFTHE ARCHES AND THE 
VAULT
The guide
Assembling the guide :
− Twist some wires together using sticks attached at either end
Once the cable is wrapped, attach the nails and rings to either end 
of the strings
Thread the rings on the cable
Stretch the cable from one gable wall to the other and attach it 
with two sticks.
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Fixer le bâton dans 
la réservation 
prévue
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CONSTRUCTION ARCHES AND OF THE 
NUBIAN VAULT
The guide
Check that the cable is level
Make sure it is centered in the gable wall.
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A A
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CONSTRUCTION OF THE ARCHES AND THE 
VAULT
The arches
  
The arches follow the curve of the vault and use the smaller of 
the two sizes of brick.
When building two adjacent vaults, the arch will be curved on both sides. 
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CONSTRUCTION OF THE ARCHES AND THE 
VAULT
The vault
Important : the vault must be built at an angle 
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CONSTRUCTION OF THE ARCHES AND THE 
VAULT
The vault
Starting point: centered arc
Offset of 1 finger, 2 fingers, 3 fingers, and finally 4 fingers at the peak of the vault
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5.THE ROOF 
Butresses
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THE ROOF
   Leveling and roof drainage
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Base protection
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THE ROOF
Plastic barrier
Cut the plastic barrier to length
Roll it to carry it to the roof
Unroll the first strip of plastic on the lowside of the roof (towards the gutter) 
Repeat the same process for the second plastic strip 
IMPORTANT : Place the second plastic strip OVER the first to avoid water leakage.
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THE ROOF
Final course of bricks and roof and gutter finishing
(Same day as the plastic barrier is positioned)
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EARTH FINISHING
Use good quality soil
Put fresh cow poo in the soil 
Mix it all up!
Add some wash water, or any water with a sticky base 
Availability permitting, add local plant fibers
Mix by stamping
Cover it with a sheet of plastic and let it dissolve for 1-2 weeks.  
Add more material (fresh poo, wash water) and remix a few times.
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APPLYING EARTH FINISHING
It's best to apply this layer in the shade to avoid cracking due to fast drying.
.
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Wet the bricksClean the bricks Apply the mud coating
E-35
                                                                                                                                                                      
6.INTERIOR
dividing walls
Where dividing walls join 
vault-bearing walls :
− Remove bricks
− To build the dividing wall 
insert a brick halfway
 into the joining wall in every 
other course.
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INTERIOR
Constructing windows
While constructing the walls, closets must 
be included.  
Shelves
To make shelves out of bricks:
Use a hoe to cut into the sides of the wall
Place three bricks in an arch
Shape the center brick to form a good joint
Level the surfaces of the shelves with some 
clay 
Make 3 shelves if there is no window 
Build 2 shelves if there is a window
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Shelves with no window
Shelves with window 
E-38
                                                                                                                                                                      
7.Maintenance
Maintenance indicators
 
Execution of maintenance
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Plastic 
barrier
Do not expose the plastic to the sun 
as it will degrade.
Always recover the plastic barrier to 
protect it from the sun 
Exposed plastic indicates neglect of 
maintenance (to see the plastic is a 
WARNING SIGN)
Exposed plastic MUST be recoated 
with banco. 
Climb on the roof often to verify that 
the plastic is well covered in earth. 
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Appendix F 
Qualifying Resumes 
 
 
ANTHONY DECOSTA 
 
EDUCATION   B.S. in Civil Engineering anticipated June 2015 
 
COURSEWORK 
 
CENG 115   Civil Engineering Materials 
  Origin, manufacture, and processing of materials used in civil  
engineering construction, such as metals, wood, cement, concrete, and  
other engineering materials. Testing methods to determine physical and 
mechanical properties of the materials. Types, sources, and preventions 
of material deterioration. 
 
CENG 043   Strength of Materials 
Analysis of stresses and strains in machines and structural members. Axial 
forces, torsion, bending, and combined loads. Stability of columns. Energy 
theorems and their applications. 
 
CENG 121   Geotechnical Engineering 
Origin, development, and properties of soils. Classification of soils and 
applications of engineering mechanics to soils as an engineering material. 
Water in soils. Soil-testing methods. Compaction, stabilization, 
consolidation, shear strength, and slope stability. 
 
CENG 132   Structural Analysis 
Loads and their distribution in structures. Analysis of statically 
determinate and indeterminate beams, trusses, and frames. Influence lines 
for beams and trusses. Analysis of statically indeterminate structures. 
Modeling and analysis of structures using commercial software programs. 
A team-based structural analysis project and presentation. 
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AMANDA LAUFER 
 
EDUCATION              B.S. Civil Engineering, 2015 (expected), Santa Clara University 
 
CERTIFICATION     Engineer-in-Training (EIT), 2014 
    LEED Green Associate, 2015 
 
AFFILIATIONS         American Construction Institute 
 American Society of Civil Engineers 
 Associated General Contractors 
                                     Society of Hispanic Professional Engineers 
 
COURSEWORK 
 
CENG 132                 Structural Analysis 
Loads and their distribution in structures. Analysis of statically 
determinate and indeterminate beams, trusses, and frames. Influence lines 
for beams and trusses. Analysis of statically indeterminate structures. 
Modeling and analysis of structures using commercial software programs. 
A team-based structural analysis project and presentation. 
 
CENG 121                 Geotechnical Engineering 
Origin, development, and properties of soils. Classification of soils and 
applications of engineering mechanics to soils as an engineering material. 
Water in soils. Soil-testing methods. Compaction, stabilization, 
consolidation, shear strength, and slope stability. 
 
CENG 43                   Strength of Materials 
Analysis of stresses and strains in machines and structural members. 
Fundamental study of the behavior and response of statically determinate 
and indeterminate structural members subject to axial, torsional, flexural, 
shear, and combined loadings. Introduction to the stability of columns. 
 
CENG 115                 Civil Engineering Materials 
Common civil engineering materials, focusing on steel, concrete, and 
wood, and touching on asphalt and epoxy. Structure and properties of 
materials, their production processes, and experimental methods used for 
determining their key properties. Sustainability implications of materials 
choices. 
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THERESA McARDLE 
EDUCATION 
 
CERTIFICATION 
B.S. in Civil Engineering, Expected June 2015 
 
Engineer-in-Training (EIT), 2015 
LEED Green Associate, 2015 
AFFILIATIONS American Society of Civil Engineers 
Associated General Contractors 
Society of Women in Engineering 
COURSEWORK  
      CENG 118 Construction Engineering 
Introduction to construction roles and responsibilities, construction 
project phases, building systems, bidding and cost estimating, resource 
utilization, planning and scheduling, project documentation, safety and 
quality management. 
      CENG 119 
      
Design for Sustainable Construction 
Design strategies for sustainable commercial and residential 
construction. Use of LEED criteria for assessing sustainable 
construction. Team-based project planning, design, and construction. 
Economic evaluation of sustainable technologies. 
      CENG 121 Geotechnical Engineering 
Origin, development, and properties of soils. Classification of soils and 
applications of engineering mechanics to soils as an engineering 
material. Water in soils. Soil-testing methods. Compaction, 
stabilization, consolidation, shear strength, and slope stability. 
      CENG 132 Structural Analysis 
Loads and their distribution in structures. Analysis of statically 
determinate and indeterminate beams, trusses, and frames. Influence 
lines for beams and trusses. Analysis of statically indeterminate 
structures. Modeling and analysis of structures using commercial 
software programs. A team-based structural analysis project and 
presentation. 
      ENGR 19 Ethics in Technology 
Formal inquiry into normative ethics. Special attention to general 
ethical principles and the application of these principles to current moral 
issues arising in science and technology. Topics may include ethical 
dilemmas in engineering and other disciplines. 
 
